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Abstract: Digital holography is a well established technique for the study of dynamic volume of 
particle fields. In this work, an original digital in-line holography system is developed and used to 
determine 3D displacements of particles tracer in an air-flow. This system allows us to investigate a 
sample volume of few mm3 and reconstruct a moving particle with velocities ranging up to 1m.s-1. The 
sample volume is reconstructed by computing the wavelet transformation (WT) for different value of 
the scale parameter. This parameter is related to the axial distance between a reconstruction plane and 
the CCD sensor. A fiber coupled laser diode is used as the recording light sources. The curvature 
radius of the reference wave emerging from this fiber forms geometrically magnified diffraction 
patterns of particles and thus acts as an optical magnification. We show that this enables to enhance 
the spatial resolution of the system. Here, a transverse magnification ratio of 4 allows us to reconstruct 
images of droplets with a diameter smaller than 5µm. Note that this configuration needs an accurate 
knowledge of curvature radius of the recording wave. By using an original calibration method, 
presented here, we show that the droplets can be localized from the reconstructed holograms with an 
accuracy of 1µm for lateral position and 20µm in depth. The potential of this system is shown in the 
case of a laminar air flow seeded with oil micro-droplets.  
 
1. Introduction  
 
Digital in-line holography (DIH) is commonly used to characterize flows seeded by micro-
particles. These particles are illuminated with a source of coherent light and the diffraction 
patterns are directly recorded by CCD camera [Meng et al. (2004), Sheng et al. (2008), Salah 
et al. (2008), Malek et al. (2008), Cao et al. (2007), Garcia-Sucerquia (2006)]. The 
reconstruction of particle images is often achieved by applying the Fresnel integral to the 
diffraction patterns [Xu et al. (2003), Fournier (2004)] or by using the fractional Fourier 
transformation [Coëtmellec et al. (2003)]. In the case of far-field diffraction, this 
reconstruction can be seen as a wavelet transform (WT) of the hologram transmission 
function [Onural (1993)].  
 
The main advantage of DIH is a simple optical arrangement of the recording system 
composed only by few optical components. This characteristic allows its implementation in 
several applications, particularly where optical access is difficult. Finally, for more or less all 
the applications, low-power laser sources such as modulated laser diodes are suitable. 
 
In this paper, we show that DIH can be used to determine 3D velocity fields in small volumes. 
A diverging reference wave emerges from a fiber coupled laser diode and the curvature radius 
of the wave leads to a transverse magnification of 4. This configuration allows us to 
reconstruct images of droplets with a diameter smaller than 5µm and moving with velocities 
ranging up to 1m/s. The use of divergent beam necessitates an accurate calibration step of the 
sample volume.     
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In section 2, the theoretical background used for digital in-line reconstruction of holograms is 
recalled. In section 3, a description of the proposed method for calibration step is explained. 
In the same section, an accuracy assessment of this configuration for the axial and transverse 
localizations is proposed. In the last section, experimental results of 3D particle displacements 
in air-flow seeded with oil micro-droplets are presented. 
 
2. Theoretical background : Hologram recording with a diverging beam 
 
The principle of the recording in the case of in-line holography is shown in Fig. 1. A coherent 
light source illuminates an opaque objet of diameter d located in the plane ( eX , eY ) at a 
distance eZ  from the CCD sensor plane (X’,Y’). In the far-field configuration, the distance 
between the CCD camera and the source light, noted sZ , can be considered as the curvature 
radius of the used spherical wave.  
                                 
Fig. 1:  Optical configuration of recording in-line holograms with a divergent beam. 
 
 
Under far-field approximation (i.e. ( ) 1
22
<<
+
e
ee
Z
YX
λ
π  ) and  by assuming that a spherical wave 
illuminates the object field, the intensity of the diffraction patterns recorded on the CCD 
camera at distance eZ  is described by the following expression  [Tyler (1976), Vikram (1987) 
] :  
 
( ) ( )rF
Z
rF
Z
r
Z
YXI
eq
eq
eq
eqeq
Z
d
eqZ
d
eqeq
Z
2
2
2 1sin21)','(
λλ
λλ
π
λ ⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
+⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
−=  (1) 
 
where: 
eeq KZZ = , Kddeq = , 
es
s
ZZ
ZK
−
= , 222 '' YXr +=  and ( )
eq
eq
eq
eq
eq
Z
d
Z
rd
Z
rd
J
d
rF
eq
λ
π
λ
π
π
λ
⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
=
12
2
. 
λ  is the wavelength and ( )rF
eqZ
d
λ
 is the Fourier transform of the objet transmittance 
),( ee YXO at the spatial frequencies eqZX λ/' and eqZX λ/' . The object transmittance is 
Z
Ze 
Ye 
Source 
Zs
X’
Y’ 
Xe 
15th Int. Symp on Appl. Laser Techniques to Fluid Mechanics, Lisbon, Portugal, July 05 – 08, 2010 
 
 3
expressed as follows: 
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Note that equation (1) is established by applying the Huygens-Fresnel principle in the scalar 
diffraction. The first term corresponds to the reference wave; the second describes the 
interferences between the reference wave and the object diffracted wave. The third term is 
similar to the diffraction produced by the same aperture as the object. This last term can be 
neglected in the case of the Fraunhofer approximation [Buraga-Lefebvre (2000)]. 
 
The diffraction pattern expressed by the equation (1) shows that the recording by the spherical 
wave can be modeled as a collimated recording configuration (see Fig. 2). The equivalence 
between both configurations is obtained by applying a magnification term (
es
s
ZZ
ZK
−
= ) to 
the parameters d  and eZ  
 
 
 
 
 
 
 
 
 
Fig. 2:  Hologram recording under Gabor configuration (collimated case): equivalence with the spherical wave 
configuration showed in Fig. 1. 
 
By this equivalence, the hologram formed by a particle of diameter d, illuminated by a 
divergent wave, and located at a distance eZ  from the CCD sensor, is similar to the hologram 
generated by a particle of diameter dK ×  illuminated by a plane wave and located at a 
distance eZK × from the CCD.  
 
This interesting result leads to a very simple way for the processing of digital holograms. It 
means that the diffraction pattern produced by a given object can be processed exactly as if 
the hologram was recorded with a plane wave and all the conditions of reconstruction (spatial 
sampling, recording distance, spatial resolution) being expressed in an equivalent magnified 
space. This principle is illustrated in conventional optical holography representation by Fig. 3. 
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Fig. 3:  Digital in-line holography with a spherical recording wave. Equivalent coordinate system under plane 
wave configuration 
 
 
As, shown in this figure, the 3D coordinates of a particle image in the reconstruction space are 
noted here by rr YX , and rZ . 
 
The following expressions give the relation between the recording ),,( eee ZYX  and the 
reconstruction ),,( rrr ZYX axis systems: 
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In our case, the holograms are reconstructed by a wavelet transform (see Buraga-Lefebvre 
(2000) for more details). A sample volume is reconstructed plane-by-plane by computing, for 
different scale parameters, the WT of the recorded diffraction pattern. Each scale parameter of 
the wavelet is directly related to the axial position rZ . In the reconstruction space, the axial 
position of particle image is obtained by the Maximum of the Wavelet Transform Modulus 
(MMWT) according optical axis positions (i.e. rZ ). 
 
3. Calibration method 
 
In practice, the distance between the CCD sensor and the light source (i.e. sZ ) has to be 
accurately estimated by an appropriate calibration method. 
 
For the calibration, a set of diffraction patterns is recorded from known objects successively 
localized at different axial positions. Each object position ][ieZ  is adjusted by a micrometer 
translation stage to a well-defined distance ][ieZ∆  centered on the reference plane ( 0eZ ). 
 
The objective of this calibration step is to estimate the value of sZ  by assuming a linear 
Zr 
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15th Int. Symp on Appl. Laser Techniques to Fluid Mechanics, Lisbon, Portugal, July 05 – 08, 2010 
 
 5
relation between the measured axial displacements and the calibrated displacements ][ieZ∆ . 
This condition gives ][ieZ  = A×
][i
eZ∆  +B. The estimated value of Zs is obtained iteratively as 
described below by a progressive forcing of the parameter A to tend toward 1, and B is an 
estimated value of Ze0. 
 
In this work the calibration plate is composed of five opaque disks of diameter 10µm deposed 
on the surface of an optical glass plate. Four disks are placed at the corner of a rectangle of 
1mm by 0.7mm, the fifth disk being centered to the others. An example of disk images at 
reconstructed Zr = 464.75mm is shown in Fig. 3.a. These images are reconstructed by using 
the hologram recorded at the reference position. The intensity profiles, according Xr and Zr 
coordinates, of the disk noted P5 are respectively shown in Fig. 3 b and Fig. 3 c. These 
profiles are used to extract the 3D particle images as in [Buraga-Lefebvre (2000)]. 
 
 
                        a)                                                          b)                                                            c) 
 
Fig. 3:  a) Example of reconstructed disk images at Zr=464.75mm. d = 10 µm, b) Xr profile and c) the Zr profile 
of disk P5. 
 
For each hologram (i) recorded at a position iee
i
e ZZZ ∆+= 0
][ , the axial position ][irZ  of each 
disk image in the reconstruction space is determined.  
 
Our calibration algorithm estimates iteratively sZ  and 0eZ . It uses ( )ieir ZZ ∆,][  as input data 
and works under the following steps:  
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4) Increment the value of sss ZZZ ∆+← 00
))
; 
5) Repeat the steps 2, 3 and 4, until ε>−1A .  
 
In this calibration method, ∆Zs =10-3mm and ε=0.001 have been imposed. 
 
The estimated value of sZ  is obtained after satisfaction of the stop condition (i.e. step 5 of the 
above algorithm) and a reference axial position (i.e. 0eZ ) is deduced from the parameter B of 
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the linear regression. 
 
The Fig. 4 shows the histogram of the measured depth-error δZe and x-y error (i.e.δx and δy) 
obtained by comparing the measured locations with the imposed x-y-z positions. For this 
experiment, 21 holograms have been recorded and 10 reconstructed images have been 
processed for each hologram. From these results, the mean square errors are estimated to 
7.62µm in depth and to 1.60µm in the x-y direction.  
 
 
Fig. 4: Estimation of location accuracy by processing 21 holograms of calibrated disks.  a) Histograms of depth-
error eZδ  and b) transverse error δx and δy computed during the calibration of the experimental setup. 
4. Experimental results 
4.1. Experimental setup 
In the present work, the experimental setup presented in Fig. 5 has been used to validate our 
DIH system in real experimental conditions. The divergent source light comes from an optical 
fiber coupled with a modulated laser diode (CUBE 640-25FP) of wavelength λ= 640nm. In 
continuous mode, this laser delivers a maximum power of 25mW and a TTL signal is used to 
drive it in pulsed mode. The diffraction patterns are recorded on the interline transfer CCD 
chip of a Hamamatsu camera (C9300-024). Here, a single frame with a double exposure is 
used to record the hologram. The size of recorded images is 2048×2048 pixels in 8 bits and 
the pixel size is equal to 7.4µm. The studied flow is a laminar air jet of 8 mm in diameter (D). 
This jet, seeded with fine oil droplets in a diameter range between 1 to 5µm, is produced at 
the outlet port of a porous media. The flow is protected from external environment by a 
stream of filtered air of 100 mm in diameter in order to avoid any unwanted particles or dust 
during recording (see Fig. 5). After the reconstruction and 3D localization of particle images, 
the couples of particle are identified and the displacement of each one is measured. 
 
The first step of the experiment has been to calibrate our recording setup by using the method 
presented previously in the section 3. The estimated value of the distance between the light 
source and the CCD sensor is 125=sZ mm with an optical magnification ranging between 3 
and 5. In that configuration, the sample volume of particle field is about 4×4×10 mm3.  
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Fig. 5:  Recording system with divergent light. 
 
4.2. 3D velocity measurement 
In order to validate the potential of our approach for the velocity measurement of small oil 
droplets, several ten of holograms with different velocity ranges and particle concentration 
have been recorded. In this experience, the electronic shutter of the CCD camera is set to 
110µs to reduce the effect of the background light. The time delay between two laser pulses 
and pulse duration are respectively equal to 10µs and 1µs. The Figure 6 shows an example of 
reconstructed image. On a magnification of this image (Fig. 6.b), two couples of particle 
images are clearly observed and two velocity vectors are then measured.  
 
 
Fig. 6:  Example of reconstructed images. Here, particles are located at a distance mmZe 98=  from the 
camera. 
 
In that experiment, the holograms are used to measure the velocity of droplets along the Y-
axis versus the axial position ( eZ ). The velocity max/ YY VV  obtained from four holograms are 
plotted in Fig. 7 as a function of the axial position DZe / . The velocity profile and the axial 
distance are normalized respectively by the maximum velocity ( )maxYV  and the jet diameter 
Laser source 
Laminar jet 
CCD Filtered air 
Air + oil droplets 
Porous media 
Filtered air 
Y 
X 
Z 
100mm 
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(i.e. D = 8mm). The superposition of normalized velocity profiles shows the good reliability 
of our velocity measurements, obtained in different conditions of velocity and particle 
concentration. 
 
 
Fig. 7:  Evolution of the normalized Y-velocity ( max/ YY VV ) according with normalized axial position ( DZe / ). Here, 
four holograms are processed. 
 
5. Conclusion 
 
Digital in line holography using a divergent light emerging from a fiber coupled laser diode is 
well suited for recording holograms of micrometric seeding particles. This capability is 
obtained by the magnification ratio produced by the curvature radius of the reference wave. 
The digital reconstruction of particle images by wavelet transform is used to obtain 3D 
instantaneous spatial distribution of the particle field. This method has been validated in a 
laminar air jet seeded with oil droplets in the diameter range of 1-5µm and with velocities 
about 1 m.s-1. It is a significant advance in applications of digital in-line holography in fluid 
mechanics, where the size of seeding particles is often few pixels in diameter to obtain 
diffraction patterns with significant visibility. The experimental results obtained in the case of 
a laminar jet are in good agreement with our expectations and shows the possibilities of this 
method for instantaneous evaluation of the velocity fields in a sample volume of about 1mm3. 
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